Effects of atmosphere on the tribological properties of a chromium carbide based coating for use to 760 deg C by Sliney, Harold E. & Dellacorte, Chris
DOEINASAI50194-44 
NASA TM-88894 
? 
Effects of Atmosphere on the 
Tribological Properties of 
a Chromium Carbide Based 
Coating for Use to 760 "C 
( N A S A - T M - 8 8 8 9 4 )  EFFECTS OF A'IHOSPHEHE OB Ne7-16140 
T E E  XRZBGLOGICAL PRCPEB'IIE5  CF A C H B O B I U H  
CARBICE E A S E C  C G A T I B G  EO33 USE ?O 760 DEG C 
€ h a 1  fieport ( B A S A )  20 F C S C L  1 1 G  U n c l a s  
63/27 42910 
Chris DetiaCorte and Harold E. Sliney 
National Aeronautics and Space Administration 
Lewis Research Center 
Work performed for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Office of Vehicle and Engine R&D 
. 
Prepared for 
Annual Meeting of the American Society of Lubrication Engineers 
Anaheim, California, May 1 1-14, 1987 
https://ntrs.nasa.gov/search.jsp?R=19870006707 2020-03-20T12:15:29+00:00Z
DISCLAIMER 
This report was prepared as an account of work sponsored by an agency 
of the United States Government. Neither the United States Government 
nor any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
Printed in the United States of America 
Available from 
National Technical Information Service 
US. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 
Printed copy: A02 
Microfiche copy: A01 
NTlS price codes1 
1Codes are used for pricing all publications. The code is determined by 
the number of pages in the publication. Information pertaining to the 
pricing codes can be found in the current issues of the following 
publications, which are generally available in most libraries: Energy 
Research Abstracts (ERA); Government Reports Announcements and Index 
(GRA and I); Sc/entif/c and Technical Abstract Reports (STAR), and 
publication, NTIS-PR-360 available from NTlS at the above address. 
EFFECTS OF ATMOSPHERE ON THE TRIBOLOGICAL PROPERTIES OF 
A CHROMIUM C A R B I D E  BASED C O A T I N G  FOR USE TO 760 " C  
C h r i s  Del laCor te and Haro ld  E. S l i n e y  
N a t i o n a l  Aeronaut lcs and Space A d m i n i s t r a t i o n  
Lewis Research Center 
Cleveland, Ohio 4 4 1 3 5  
SUMMARY 
The e f f e c t  o f  atmosphere on the t r i b o l o g i c a l  p r o p e r t i e s  o f  a plasma- 
sprayed chromium c a r b i d e  based s e l f - l u b r i c a t i n g  c o a t i n g  i s  r e p o r t e d  i n  t h i s  
paper.  The c o a t i n g  c o n t a i n s  bonded chromium c a r b i d e  as t h e  wear r e s i s t a n t  
"base s t o c k "  t o  which t h e  l u b r i c a n t s  s i l v e r  and bar ium f l u o r i d e / c a l c i u m  f l u o -  
r i d e  e u t e c t i c  a r e  added. I t  has been denoted as NASA PS200. P o t e n t i a l  a p p l i -  
c a t i o n s  f o r  t h e  PS200 c o a t i n g  a r e  c y l i n d e r  w a l l / p i s t o n  r i n g  couples f o r  
S t i r l i n g  engines and f o i l  b e a r i n g  j o u r n a l  l u b r i c a t i o n .  F r i c t i o n  and wear 
s t u d i e s  were performed I n  hel ium, hydrogen, and m o i s t  a i r  a t  temperatures f rom 
25 t o  760 " C .  
I n  genera l ,  t h e  atmosphere had a s i g n i f i c a n t  e f f e c t  on b o t h  t h e  f r i c t i o n  
and t h e  wear o f  t h e  c o a t i n g  and counter face m a t e r i a l .  Specimens t e s t e d  i n  
hydrogen, a reduc ing  environment,  e x h i b i t e d  t h e  b e s t  t r i b o l o g i c a l  p r o p e r t i e s .  
F r i c t i o n  and wear i nc reased  i n  hel ium and a l r  b u t  a r e  s t i l l  w i t h i n  accep tab le  
l i m i t s  f o r  i n tended  a p p l i c a t i o n s .  
- A v a r i e t y  o f  x- ray analyses was performed on t h e  t e s t  specimens i n  an 
7 m e f f o r t  t o  e x p l a i n  t h e  r e s u l t s .  The f o l l o w i n g  conc lus ions  a r e  made: 
W ( 1 )  A s  t h e  t e s t  atmosphere becomes l e s s  reducing,  t h e  c o a t i n g  e x p e r i -  
M 
I 
ences a h i g h e r  c o n c e n t r a t i o n  l e v e l  o f  chromic o x i d e  a t  t h e  s l i d i n g  i n t e r f a c e  
which i nc reases  b o t h  t h e  f r i c t i o n  and wear. 
(2) B e n e f i c i a l  s i l v e r  t r a n s f e r  f rom t h e  p a r e n t  c o a t i n g  t o  t h e  coun te r -  
f a c e  m a t e r i a l  i s  l e s s  e f f e c t i v e  i n  a i r  t han  i n  h e l i u m  o r  hydrogen. 
( 3 )  There may be a d i r e c t  r e l a t i o n s h i p  between chromic ox ide  l e v e l  
p r e s e n t  a t  t h e  s l i d i n g  i n t e r f a c e  and t h e  f r i c t i o n  c o e f f i c i e n t .  
INTRODUCTION 
The l u b r i c a t i o n  o f  s l i d i n g  contacts  a t  h igh- temperatures i n  r e a c t i v e  
environments i s  a major  c h a l l e n g e  i n  t h e  development o f  advanced hea t  engines 
(e.g. ,  S t i r l i n g  engines, a d i a b a t i c  d i e s e l ,  turbomachinery,  e t c .  ( r e f .  1 ) ) .  I n  
an e f f o r t  t o  a l l e v i a t e  t h i s  problem a plasma-sprayed chromium c a r b i d e  based 
c o a t i n g ,  PS200, has been developed a t  NASA Lewis Research Center ( r e f s .  2 
t o  4 ) .  S p e c i f i c  a p p l i c a t i o n s  i nc lude  t h e  l u b r i c a t i o n  o f  p i s t o n  r i n g / c y l i n d e r  
w a l l  couples and f o i l  b e a r i n g  j o u r n a l s .  The base m a t e r i a l  o f  t h i s  c o a t i n g  
system i s  meta l  bonded chromium carb ide.  I t  i s  a good cand ida te  f o r  h i g h  
temperature wear a p p l i c a t i o n s  because of I t s  thermal  and chemical  s t a b i l i t y  
t 
and e x c e l l e n t  wear r e s i s t a n c e .  However, when used a lone  as a c o a t i n g  f o r  
s l i d i n g  contacts  i t  d i s p l a y s  poor f r i c t i o n  c h a r a c t e r i s t i c s .  
s o l i d  l u b r i c a n t s  s i l v e r  and bar ium f l u o r i d e / c a l c i u m  f l u o r i d e  e u t e c t i c  t o  t h e  
chromium carb ide base c o a t i n g  i t s  f r i c t i o n  and wear p r o p e r t i e s  can be s i g n i f i -  
c a n t l y  improved ( r e f .  5 ) .  S i l v e r ,  because o f  i t s  l ow  shear s t r e n g t h ,  i s  a good 
t h i n  f i l m  l u b r l c a n t  a t  low temperatures and t h e  e u t e c t i c ,  which undergoes 
b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  around 500 O C ,  i s  a good l u b r i c a n t  a t  h i g h  tem- 
p e r a t u r e  ( r e f .  6 ) .  
p e r a t u r e  range f rom low  temperature s t a r t s  t o  900 OC. 
By adding t h e  
Thus t h e  c o a t i n g  i s  designed t o  l u b r i c a t e  over  a wide tem- 
Prev ious t e s t s  w i t h  t h i s  c o a t i n g  system, s p e c i f i c a l l y  a c o a t i n g  
des ignated PS200 ( 8 0  w t  % bonded C r 3 C 2 ,  10 w t  % Ag, 10  w t  $6 BaF2/CaF2) 
i n d i c a t e d  t h a t  t he  f r i c t i o n  and wear behavior  o f  t h e  c o a t i n g  i s  s i g n i f i c a n t l y  
i n f l u e n c e d  by the t e s t  atmosphere ( r e f .  5 ) .  
o rde r  o f  magnitude depending on t h e  t e s t  atmosphere. 
were hydrogen, hel ium, and m o i s t  a i r .  T h i s  paper desc r ibes  a program t o  
f u r t h e r  s y s t e m a t i c a l l y  s tudy t h e  i n f l u e n c e  o f  atmosphere on t r i b o l o g i c a l  pe r -  
formance and t o  develop a mechanism t o  understand t h i s  behav io r .  
Wear d a t a  v a r i e d  approx ima te l y  an 
T e s t  atmospheres used 
EXPERIMENTAL MATERIALS 
Test  Specimen C o n f i g u r a t i o n  
A p in-on-d isk t y p e  f r i c t i o n  and wear t e s t e r  was used i n  t h i s  s tudy .  W i th  
t h i s  apparatus,  a normal l o a d  i s  a p p l i e d  t o  a c l e a n  me ta l  p i n  t h a t  i s  i n  s l i d -  
I n g  c o n t a c t  w i t h  a r o t a t i n g  d i s k  coated w i t h  PS200. 
Wear Pins 
The wear p ins used i n  t h i s  program a r e  made o f  a hardened c o b a l t  a l l o y .  
I t  i s  chosen because o f  I t s  s t r e n g t h  a t  e l e v a t e d  temperatures,  chemical  and 
thermal  s t a b i l i t y ,  and s u i t a b i l i t y  f o r  use as an engine component m a t e r i a l .  
Th is  c o b a l t  a l l o y  gave c o n s i s t e n t ,  r e p e a t a b l e  f r i c t i o n  and wear r e s u l t s  when 
s l i d  a g a i n s t  t h e  PS200 c o a t i n g  i n  a p rev ious  s tudy ( r e f .  5 ) .  The t e s t  p i n s  a r e  
h e m i s p h e r i c a l l y  t i p p e d  w i t h  a r a d i u s  o f  0.476 cm and a r e  2 cm long.  The 
nominal  composl t lon o f  t h e  p i n s  by we igh t  pe rcen t  i s :  59 Co, 30 C r ,  4 W, 2 N i ,  
5 o t h e r .  The Rockwell hardness i s  40C. The s u r f a c e  f i n i s h  o f  t h e  p i n s  i s  
6 p i n .  rms. 
Coat ing 
The PS200 c o a t i n g  c o n s i s t s  o f  80 w t  % metal-bonded chromium c a r b i d e  and r 10 w t  % each of s i l v e r  and bar ium f l u o r i d e / c a l c i u m  f l u o r i d e  e u t e c t i c .  The 
c o a t i n g  components a r e  prepared i n  powder form then  p h y s i c a l l y  mixed t o g e t h e r  
p r i o r  t o  plasma-spray a p p l i c a t i o n  on to  t e s t  d i s k s .  Table I g i v e s  t h e  mesh 
s l z e s  and composi t ion of t h e  PS200 c o a t i n g  components. 
. 
Most of t h e  c o a t i n g  specimens used i n  t h i s  s tudy were prepared by s imp ly  
m i x i n g  t h e  i n d i v i d u a l  powders t o g e t h e r  p r i o r  t o  plasma sp ray ing .  Recent ly ,  i t  
was found t h a t  bo th  t h e  t r i b o l o g i c a l  performance and compos i t i ona l  u n i f o r m i t y  
o f  t h e  c o a t i n g  were improved by p r e f u s i n g  and r e g r i n d i n g  t h e  e u t e c t i c  r a t i o  o f  
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f l u o r i d e s  p r i o r  t o  m i x i n g  w i t h  t h e  o the r  powders. Measurable improvements i n  
t h e  f r i c t i o n  and wear p r o p e r t i e s  o f  the c o a t i n g  a r e  achieved u s i n g  t h i s  
improved p rocess ing  s tep.  Any comparison o f  t h e  d a t a  f rom t h e  e a r l i e r  e x p e r i -  
ments t o  da ta  f rom coa t ings  made by the 'improved method should take  t h i s  p o i n t  
i n t o  c o n s i d e r a t i o n .  Coat ings made w i t h  t h e  p re fused  e u t e c t i c  can be expected 
t o  show improved t r i b o l o g i c a l  c h a r a c t e r i s t i c s  i n  a l l  atmospheres. 
Test  Atmosphere 
The t e s t  atmosphere i s  b o t t l e d  hydrogen, he l ium,  o r  m o i s t  a i r .  P u r i t i e s  
o f  t h e  hydrogen and h e l i u m  a r e  99 and 99.997 p e r c e n t  r e s p e c t i v e l y .  The m o i s t  
a i r  i s  s u p p l i e d  f r o m  d r i e d ,  f i l t e r e d  s e r v i c e  a i r  r o u t e d  th rough  a de ion i zed  
water  f i l l e d  bubble j a r .  The r e l a t i v e  h u m i d i t y  o f  t h e  a i r  e n t e r i n g  t h e  t e s t  
chamber i s  measured w i t h  an e l e c t r o n i c  h u m i d i t y  meter.  The r e l a t i v e  h u m i d i t y  
o f  t h e  a i r  s u p p l i e d  t o  t h e  t e s t  chamber i s  35 pe rcen t  a t  25 "C throughout  t h e  
t e s t s .  
Coat ing and F i n i s h i n g  Procedure 
The t e s t  d i s k s  a r e  6.35 cm i n  diameter,  1.27 cm t h i c k ,  and made o f  a h i g h  
temperature p r e c i p i t a t i o n - h a r d e n e d  n i c k e l  chromium a l l o y  hardened t o  Rockwell  
40C. The d i s k  composi t ion by weight  percent  i s :  70 N i ,  15 C r ,  7 Fe, 2 .5  T i ,  
1 A l ,  1 Mn, 1 Co, 2.5 o t h e r .  The d i s k s  a r e  f i r s t  sandblasted, then a t h i n  bond 
coa t  (0.0076 cm) o f  nichrome ( 8 0  w t  % N i ,  20 w t  36 Cr) powder i s  plasma- 
sprayed on to  t h e  roughened su r face .  The PS200 powder m i x t u r e  i s  plasma-sprayed 
onto t h e  bond c o a t  t o  a th i ckness  o f  about 0.038 cm. The sp ray ing  parameters 
a r e  g i v e n  i n  t a b l e  11. The c o a t i n g  i s  t hen  diamond ground t o  g i v e  a t o t a l  
c o a t i n g  t h i c k n e s s  (bond coa t  p l u s  l u b r i c a n t  c o a t )  o f  0.025 cm. Appendix A 
desc r ibes  t h e  g r i n d i n g  procedure.  Dur ing gr ' inding, p a r t i c u l a r  ca re  must be 
taken t o  p reven t  smearing o f  t h e  c o a t i n g  and t o  p reven t  s e l e c t i v e  removal o f  
t h e  s o f t  phases. These problems can be avoided by employing t h e  recommended 
depths o f  c u t  w i t h  a dressed diamond wheel. Lapping procedures should be 
e s p e c i a l l y  avoided because o f  t h e i r  tendency t o  p r e f e r e n t i a l l y  remove t h e  s o f t  
l u b r i c a n t  phases ( s i l v e r  and f l u o r i d e  e u t e c t i c ) .  
APPARATUS AND TEST PROCEDURE 
A p in -on -d i sk  apparatus i s  used i n  t h i s  s tudy ( f i g .  1 ) .  A h e m i s p h e r i c a l l y  
t i p p e d  p i n  i s  loaded a g a i n s t  a d i s k  by means o f  dead weights .  The normal l o a d  
i s  0.5 kg.  F r i c t i o n  f o r c e  i s  con t i nuous ly  measured by means o f  a temperature 
compensated s t r a i n  gauge b r idge .  The p i n  generates a 51 mm d iameter  wear t r a c k  
on t h e  d i s k .  S l i d i n g  i s  u n i d i r e c t i o n a l  and t h e  v e l o c i t y  i n  these  exper iments 
i s  2.7 m/s.  The specimens a r e  heated by a low frequency i n d u c t i o n  c o i l .  D i sk  
su r face  temperatures a r e  moni tored on t h e  wear t r a c k  90 O ahead of t h e  s l i d i n g  
c o n t a c t  w i t h  an i n f r a r e d  pyrometer capable o f  measuring temperatures f rom 
100 t o  1400 O C  w i t h  5 pe rcen t  accuracy.  
P r i o r  t o  each t e s t ,  t h e  coated d isks a r e  heated i n  a vacuum oven a t  150 "C 
f o r  3 h r  t o  remove any v o l a t i l e  res idue  remain ing from t h e  g r i n d i n g  o p e r a t i o n  
and subsequent hand l i ng .  Both t h e  p i n  and t h e  d i s k  a r e  then cleaned w i t h  e t h y l  
a l c o h o l  and scrubbed w i t h  l e v i g a t e d  alumina. F i n a l l y ,  t h e  specimens a r e  r i n s e d  
w i t h  d i s t i l l e d  water and a i r  d r i e d .  
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The t e s t  d u r a t i o n  i s  1 h r  a t  each o f  t h e  t h r e e  temperatures 25, 350, and 
760 O C .  Rider  wear i s  measured every 30 min by removing t h e  p i n  and measur ing 
t h e  r e s u l t i n g  c i r c u l a r  wear scar on t h e  hemispher i ca l  s u r f a c e  f rom which t h e  
wear volume i s  c a l c u l a t e d .  L o c a t i n g  dowels on t h e  p i n  h o l d e r  assures accu ra te  
r e l o c a t i o n  o f  t he  p i n .  Disk wear i s  measured a f t e r  each hour by r e c o r d i n g  a 
s u r f a c e  p r o f i l e  across t h e  d i s k  wear t r a c k ,  computing t h e  area o f  removed/ 
d i s p l a c e d  coa t ing ,  and m u l t i p l y i n g  by t h e  c i r cumfe rence  o f  t h e  wear t r a c k  t o  
o b t a i n  t h e  wear volume. 
The t e s t  gases a re  rou ted  th rough  a f l o w  meter a t  a r a t e  o f  0.014 m3/min. 
The volume o f  t he  t e s t  chamber i s  0.002 m3. 
For t e s t s  i n  h e l i u m  o r  hydrogen t h e  t e s t  chamber i s  purged f o r  10 min w i t h  
n i t r o g e n  b e f o r e  the  t e s t  gas i s  i n t roduced .  T e s t i n g  i s  begun a f t e r  t h e  t e s t  
gas has purged f o r  10 min. For t e s t s  i n  a i r  t h e  chamber i s  c l osed  and t h e  t e s t  
a i r  i s  a l l owed  t o  purge t h e  chamber f o r  10 m i n  p r i o r  t o  t e s t i n g  t h e  specimens. 
A f t e r  e l e v a t e d  temperature t e s t s  i n  h e l i u m  o r  hydrogen, t h e  specimens a r e  
cooled below 150 O C  b e f o r e  opening t h e  chamber t o  i n h i b i t  specimen o x i d a t i o n  
which m igh t  i n v a l i d a t e  l a t e r  a n a l y s i s .  
A n a l y s i s  Procedure 
One wear d i s k  f rom each t e s t  atmosphere, he l ium,  hydrogen, and m o i s t  a i r ,  
A 120" s e c t o r  i s  c u t  f rom i s  s e l e c t e d  f o r  X-ray Pho toe lec t ron  (XPS) a n a l y s i s .  
each d i s k .  The t h r e e  120" sec to rs  a r e  reassembled t o  fo rm one 'composite" 
d i s k  ( f i g .  2 ) .  The "composi te" d i s k  c o n t a i n s  a p o r t i o n  o f  t h r e e  d i f f e r e n t  t e s t  
specimens, each run i n  d i f f e r e n t  atmospheres. The "composi te '  d i s k  i s  p laced  
i n t o  t h e  XPS chamber f o r  a n a l y s i s .  By adop t ing  t h i s  procedure,  c o a t i n g  ana ly -  
s i s  o f  t h r e e  t e s t  specimens can be completed w i t h o u t  opening t h e  a n a l y s i s  
chamber. Th is  p r a c t i c e  e l i m i n a t e s  e r r o r s  assoc ia ted  w i t h  s w i t c h i n g  specimens 
and r e c a l i b r a t i n g  t h e  XPS probe. 
A d d i t i o n a l  samples a r e  prepared f rom t h e  remain ing p o r t i o n  o f  each d i s k  
f o r  e lementa l  analyses by Energy D i s p e r s i v e  Spectroscopy (EDS) ,  and f o r  t h e  
i d e n t i f i c a t i o n  o f  c r y s t a l l i n e  compounds by x- ray d i f f r a c t i o n  techniques.  
EXPERIMENTAL RESULTS 
The r e s u l t s  of t h e  f r i c t i o n  and wear exper iments a r e  summarized i n  
t a b l e  I11 and shown g r a p h i c a l l y  i n  f i g s .  3 t o  5. The d a t a  suppor t  p rev ious  
r e s u l t s  which i n d i c a t e d  t h a t  t h e  t e s t  atmosphere does s i g n i f i c a n t l y  a f f e c t  t h e  
f r i c t i o n  and wear behavior  o f  t h e  c o a t i n g .  Tests i n  hydrogen g i v e  t h e  l owes t  
f r i c t i o n  and wear r e s u l t s .  F r i c t i o n  c o e f f i c i e n t s  a r e  g e n e r a l l y  0.2320.05 and 
c o a t i n g  wear f a c t o r s  ( k )  a r e  low 6 . 4 ~ 1 0 - 1 0  cm3/(cm-kg). 
an e x p l a n a t i o n  o f  t h e  wear f a c t o r  k .  I n  h e l i u m  t h e  f r i c t i o n  c o e f f i c i e n t s  a r e  
25 pe rcen t  h ighe r ,  t h a t  i s ,  0.29k0.03, and t h e  c o a t i n g  wear f a c t o r  i nc reases  
by 40 pe rcen t .  
s l i g h t l y  h i g h e r  than i n  hel ium, 0.32kO.05 b u t  t h e  c o a t i n g  wear f a c t o r  
increases by 50 percent .  P i n  wear f o l l o w s  t h e  same t r e n d  as t h e  c o a t i n g  wear. 
I n  genera l  then, t h e  f r i c t i o n  and wear of t h e  c o a t i n g  and c o u n t e r f a c e  m a t e r i a l  
i nc rease  as t h e  t e s t  atmosphere becomes l e s s  reduc ing  i n  t h e  f o l l o w i n g  o r d e r :  
hydrogen ---> he l i um ---> a i r .  
See appendix B f o r  
When t h e  c o a t i n g  i s  t e s t e d  i n  a i r  t h e  f r i c t i o n  c o e f f i c i e n t s  a r e  
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. The XPS-analysis v e r i f i e d  t h e  presence o f  t h e  c o n s t i t u e n t s  o f  t h e  c o a t i n g  and a l s o  i n d i c a t e d  t h a t  no i m p u r i t i e s  were added t o  t h e  c o a t i n g  d u r i n g  t h e  
p r e p a r a t i o n  process. 
As  p r e v i o u s l y  discussed, f r i c t i o n  and wear a r e  t h e  l owes t  i n  hydrogen, 
h i g h e r  i n  hel ium, and h i g h e s t  i n  a i r .  X-ray d i f f r a c t i o n  analyses p rov ided  a 
c l u e  f o r  a p l a u s i b l e  e x p l a n a t i o n  o f  t h i s  t r e n d .  
A comparison o f  x-ray d i f f r a c t i o n  peak i n t e n s i t i e s  (peak h e i g h t s )  f o r  
c o a t i n g s  t e s t e d  t o  760 O C  i n  t h e  t h r e e  atmospheres showed t h a t  o n l y  t h e  chromic 
o x i d e  l e v e l  was a f f e c t e d  by t h e  t e s t  atmosphere. The r e l a t i v e  chromium o x i d e  
c o n c e n t r a t i o n  l e v e l s  were approximated f r o m  t h e  i n t e n s i t i e s  o f  t h e  d i f f r a c t i o n  
peak f o r  t h e  (110) p lane  o f  t h e  chromic o x i d e  c r y s t a l  s t r u c t u r e  w i t h  no c o r r e c -  
t i o n  f o r  a b s o r p t i o n  o r  f l uo rescence .  The r e l a t i v e  chromic ox ide  l e v e l s  were 
ob ta ined  s imply  by n o r m a l i z i n g  t h e  peak h e i g h t s  r e l a t i v e  t o  t h e  a i r  atmosphere 
case. 
As  would be expected, t h e  r e l a t i v e  c o n c e n t r a t i o n  l e v e l  o f  chromic o x i d e  
on t h e  wear t r a c k s  i s  h i g h e s t  f o r  specimens r u n  i n  a i r  and lowes t  f o r  spec i -  
mens r u n  i n  hydrogen. I n  s p i t e  o f  t h e  h i g h  p u r i t y  o f  t h e  b o t t l e d  t e s t  gases, 
chromic o x i d e  i s  found on t h e  wear t racks  o f  specimens r u n  i n  h e l i u m  and i n  
hydrogen due t o  r e s i d u a l  oxygen and p o s s i b l y  water  vapor p resen t  i n  t h e  t e s t  
chamber . 
F l g i i r e  6 i s  a graph o f  t h e  average f r i c t i o n  c o e f f i c i e n t  versus t h e  r e l a -  
t i v e  chromic ox ide  l e v e l  normal ized t o  t h e  chromic o x i d e  l e v e l  i n  a i r .  The 
da ta  p o i n t s  a r e  l i m i t e d  i n  number, b u t  t h e  t r e n d  i n d i c a t e s  t h a t  t h e r e  i s  a 
d i r e c t  r e l a t i o n s h i p  between t h e  f r i c t i o n  c o e f f i c i e n t  and t h e  l e v e l  o f  chromic 
o x i d e  p r e s e n t  a t  t h e  s l i d i n g  i n t e r f a c e  f o r  t h i s  c o a t i n g  system. 
Chromic o x i d e  i s  a hard,  r e f r a c t o r y  compound t h a t  i s  a good an t i -wear  
m a t e r i a l  when a p p l i e d  as a smooth, adherent c o a t i n g  ( r e f .  7 ) .  I n  t h i s  
i n s t a n c e  however, t h e  chromic o x i d e  t h a t  forms on t h e  plasma sprayed c o a t i n g  
a p p a r e n t l y  a c t s  as an a b r a s i v e  component i n  t h e  s l i d i n g  c o n t a c t ,  thereby 
i n c r e a s i n g  f r i c t i o n  and wear. 
To determine o t h e r  f a c t o r s  i n f l u e n c i n g  t h e  f r i c t i o n  and wear behavior  o f  
t h e  c o a t i n g ,  Energy D i s p e r s i v e  Spectra (EDS) x-ray analyses o f  t h e  r i d e r  wear 
scars was performed. These analyses i n d i c a t e d  t h a t  t h e  amount o f  s i l v e r  
t r a n s f e r  f r o m  t h e  p a r e n t  c o a t i n g  t o  the r i d e r  wear scar  i s  much lower  f o r  
specimens r u n  i n  a i r  than i n  h e l i u m  or  hydrogen. Prev ious s t u d i e s  i n d i c a t e  
t h a t  s i l v e r  t r a n s f e r  has a b e n e f i c i a l  e f f e c t  on t h e  t r i b o l o g i c a l  performance 
o f  t h e  c o a t i n g  ( r e f .  5 ) .  Thus t h e  lower l e v e l s  o f  s i l v e r  t r a n s f e r  f o r  spec i -  
mens r u n  i n  a i r  may be i n h i b i t i n g  i t s  l u b r i c a t i n g  f u n c t i o n  i n  these  cases. 
I t  i s  d i f f i c u l t  t o  p rove  t h a t  t h e  h i g h  l e v e l s  o f  chromic o x i d e  p resen t  on 
samples r u n  i n  a i r ,  i n h i b i t  b e n e f i c i a l  s i l v e r  t r a n s f e r .  I t  i s  l i k e l y ,  however, 
t h a t  b o t h  h i g h  chromic o x i d e  l e v e l s  on t h e  wear t r a c k  and reduced s i l v e r  
t r a n s f e r  t o  t h e  r i d e r  wear scar  a r e  s i g n i f i c a n t  f a c t o r s  c o n t r i b u t i n g  t o  h i g h e r  
f r i c t i o n  and wear. 
The e f f e c t  of p r e f u s l n g  t h e  e u t e c t i c  I s  e v i d e n t  by comparing t h e  f r i c t i o n  
and wear d a t a  i n  t a b l e  I V .  F r i c t i o n  c o e f f i c i e n t s  a r e  1 5  t o  20 pe rcen t  lower ,  
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coun te r face  wear i s  20 t o  30 pe rcen t  lower  and c o a t i n g  wear remains about t h e  
same f o r  coat ings prepared by t h i s  improved p rocess ing  method. They a r e  a l s o  
more u n i f o r m  and e a s i e r  t o  plasma spray.  Therefore,  p r e f u s i n g  t h e  f l u o r i d e  
e u t e c t i c  has been adopted as a s tandard p a r t  o f  t h e  c o a t i n g  procedure.  
CONCLUSIONS 
1. The f r i c t i o n  and wear o f  a chromium c a r b i d e  based c o a t i n g  (PS200)  i s  
a f f e c t e d  by t h e  atmosphere p resen t  d u r i n g  s l i d i n g .  F r i c t i o n  and wear p roper -  
t i e s  a r e  b e t t e r  !n i n e r t  o r  reduc ing  atmospheres than  i n  a i r .  
2 .  The t e s t  atmosphere i s  one f a c t o r  t h a t  c o n t r o l s  t h e  f o r m a t i o n  o f  
chromic o x i d e  which seems t o  have an adverse e f f e c t  on t h e  t r i b o l o g i c a l  p roper -  
t i e s  o f  t h e  coa t ing  and may be i n h i b i t i n g  b e n e f i c i a l  s i l v e r  t r a n s f e r .  
3. There may be a d i r e c t  r e l a t i o n s h i p  between chromic ox ide  l e v e l  p resen t  
on t h e  wear surfaces and t h e  f r i c t i o n  c o e f f i c i e n t .  
4 .  The t e s t  d a t a  i n d i c a t e  t h a t  t h e  c o a t i n g  behav io r  can be improved i f  
t h e  f o r m a t i o n  o f  chromic o x i d e  can be reduced and i f  s i l v e r  t r a n s f e r  f rom t h e  
p a r e n t  c o a t i n g  can be op t im ized .  
, 
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APPENDIX A 
RECOMMENDED G R I N D I N G  PROCEDURE . 
1. Use diamond g r i n d i n g  o n l y .  
2. Use water  as l u b r i c a n t - u s e  no o i l .  
% 
3 .  I n i t i a l  g r l n d l n g  depth should be 0.0025 cm. 
4. F i n a l  c u t s  should be 0.001 t o  0.0015 cm. 
a. Tak ing t o o  deep a c u t ,  l .e . ,  0.01 cm, w i l l  p l u c k  s o f t e r  phases (Ag 
and BaF2/CaF2) f rom su r face .  
b.  Tak ing t o o  l i g h t  a c u t ,  i . e . ,  l e s s  t han  0.001 cm, w i l l  smear t h e  
metal-bonded chromium ca rb ide .  T h i s  w i l l  r e s u l t  i n  an "Orange Peel"  
t y p e  f i n i s h .  
5. Ground s u r f a c e  should be mat te,  no t  g l o s s y ,  and have a speck led 
appearance r e p r e s e n t i n g  t h e  t h r e e  separate phases. 
- NOTE:  l h e  g r i n d i n g  wheel should be dressed r e g u l a r l y  t o  m a l n t a l n  sharp 
diamond c u t t l n g  edges; o the rw ise  t h e  above procedure w i l l  n o t  i n s u r e  
t h e  achievement o f  a s a t i s f a c t o r y  s u r f a c e .  
. 
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APPENDIX B 
EXPLANATION OF WEAR FACTORS 
The wear f a c t o r  ( k )  used i n  t h i s  paper i s  a c o e f f i c i e n t  which r e l a t e s  t h e  
volume o f  m a t e r i a l  worn f rom a s u r f a c e  t o  t h e  d i s t a n c e  s l i d  and t h e  normal l o a d  
a t  t h e  c o n t a c t .  Mathemat ica l ly ,  k i s  d e f i n e d  as: 
k = V / ( S  x W) 
where 
W = t h e  normal load a t  t h e  s l i d l n g  c o n t a c t  i n  kg. 
S = t h e  t o t a l  d i s tance  s l i d  i n  cm. 
V = t h e  volume o f  m a t e r i a l  worn away i n  cm2, 
The p h y s i c a l  i n t e r p r e t a t i o n  o f  t h e  numeric v a l u e  o f  t h e  k f a c t o r  i s  as 
f o l l o w s :  
k = 10-8cm3/cm-kg h i g h  wear. 
k = 10-9 t o  10-10cm3/cm-.kg 
k = 10-llcm3/cm-kg 
moderate t o  l ow  wear. 
ve ry  l ow  wear. 
Some authors p r e f e r  wear f a c t o r  u n i t s  o f  mm3/(H-m). Conversion t o  these 
u n i t s  can be made t o  a c l o s e  approx ima t ion  by m u l t i p l y i n g  our  u n i t s  by 104. 
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TABLE I .  - COMPOSIT ION OF THE THREE 
Component Composition, 
w t  ox 
P a r t  i c 1 e 
I Bonded chromium c a r b i d e  
N i  
A1 
Cr3C2 
co 
28 
2 
58 
12 
-200 t 400 
Mesh 
~~ r S i l v e r  me ta l  
I Prefused e u t e c t i c  
I Nonprefused e u t e c t i c  
Reagent Grade 
P r e c i p i t a t e d  
powder 
TABLE 11. - TYPICAL PLASMA 
SPRAY PARAMETERS 
Parameter 
A r c  gas 
1.4 m3/hr 
Powder c a r r i e r  
gas 
Coat ing powder 
f l o w  r a t e  
Ampe rag  e 
Vol tage 
Gun t o  specimen 
d i s t a n c e  
M a t e r i a l ,  
v a l u e  
Argon 
Argon 
0.4 m3/hr 
1 kg /h r  
450 t o  475 A 
32 V 
approx.  
15 cm 
, 
t 
TABLE 111. - FRICTION AND WEAR SUMMARY OF PS200 SLIDING AGAINST COBALT ALLOY 
[Tes t  c o n d i t i o n s :  0.5 kg load, 2.7 m/s s l i d i n g  v e l o c i t y ,  38.97 kPa 
Powder 
p r e p a r a t i o n  
chamber pressure. ]  
Nonpref used Pre f  u; ed 
f l u o r i d e  e u t e c t i c  f l u o r i d e  e u t e c t i c  
Test  
Atmosphere 
H2 
H2 
H2 
Average va lue  
Hel ium 
He1 i um 
He1 1 um 
Average va lue  
A i r  
A i r  
A i r  
Average va lue  
Average f r i c t i o n  
c o e f f i c i e n t  
Average p i n  wear 
f a c t o r  k, 
cm3/(kg cm) 
f a c t o r  k,  
cm3/(kg cm) 
Average c o a t i n g  wear 
rempe r a  t u r e  , 
O C  
0.28 0.23 
1 .5x l  0-1 1 -2xlO-11 
6 . 5 ~ 1  0-1 6 . 3 ~ 1  0 - l o  
760 
350 
25 
--- 
760 
350 
25 
--- 
760 
350 
25 
--- 
Average f r i c t i o n  
c o e f f  l c i e n t ,  
lJ 
0.18kO. 05 
.26?. 06 
.262. 04 
. 2 3 f .  03 
.28f. 04 
.26+_. 03 
.32+_. 03 
.29+_.03 
.30k. 03 
.37+. 04 
.28t. 03 
.32+.05 
Average r i d e r  
k f a c t o r ,  
cm3/kg cm 
0 . 7 5 ~ 1 0 - ~ ~ 2 0 . 3 5  
1 .25x10-’’2.35 
2 . 0 ~ 1  0-1 ’?. 35 
1 . 3 3 ~ 1 0 - ~ ~ + . 3 5  
5 . 6 2 ~ 1  0-1 ’22.4 
3.44x10-”21.9 
Average c o a t i n g  
k f a c t o r ,  
cm3/kg cm 
7 . 6 ~ 1 0 - ~ ~ + 1  .9 
4 . 5 ~ 1  0-1 ‘22.1 
7 . 0 ~ 1  0-1 ‘23.8 
6 . 4 ~ 1  0-1 ‘21 .6 
8 . 7 ~ 1  0-1 ‘2 .7  
8 . 2 ~ 1  0-1 ‘2.5 
1 .04x l  O-’r. 4 
1 . 5 ~ 1 0  2.2 
1.ox10 r . 2  
1 .5x1 O-’+. 23 
-9 
-9 
2.1 x i  o-~,. 2 
-9 
1 . 5 ~ 1 0  k.5 
TABLE I V .  - AVERAGE DATA FOR PS200 COATINGS WITH BOTH 
PREFUSED AND NONPREFUSED EUTECTIC 
[Tes t  c o n d i t i o n s :  Specimens run  i n  hydrogen atmosphere, 
0.5 kg load, 2.7 m/s s l i d i n g  v e l o c i t y ,  s l i d  a g a i n s t  
hardened c o b a l t  a l l o y .  Values g i v e n  a r e  averages 
over temperature range.]  
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6. Abstract 
The e f f e c t  o f  atmosphere on t h e  t r i b o l o g i c a l  p r o p e r t i e s  o f  a plasma-sprayed 
chromium c a r b i d e  based s e l f - l u b r i c a t i n g  c o a t i n g  i s  r e p o r t e d  i n  t h i s  paper .  The 
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c o a t i n g  a r e  c y l i n d e r  w a l l / p i s t o n  r i n g  couples f o r  S t i r l i n g  engines and f o i l  bear 
i n g  j o u r n a l  l u b r i c a t i o n .  
hydrogen, and mois t  a i r  a t  temperatures f rom 25 t o  760 " C .  I n  genera l ,  t h e  
atmosphere had a s i g n i f i c a n t  e f f e c t  on b o t h  t h e  f r i c t i o n  and t h e  wear o f  t h e  
c o a t i n g  and counter face m a t e r i a l .  Specimens t e s t e d  i n  hydrogen, a reduc ing  e n v i  
ronment, e x h i b i t e d  t h e  b e s t  t r i b o l o g i c a l  p r o p e r t i e s .  F r i c t i o n  and wear i nc rease  
i n  h e l i u m  and a i r  b u t  a r e  s t i l l  w i t h i n  accep tab le  l i m i t s  f o r  i n tended  a p p l i c a -  
t i o n s .  A v a r i e t y  o f  x - ray analyses was performed on t h e  t e s t  specimens i n  an 
e f f o r t  t o  e x p l a i n  t h e  r e s u l t s .  The f o l l o w i n g  conc lus ions  a r e  made: ( 1 )  A s  t he  
t e s t  atmosphere becomes l e s s  reducing,  t h e  c o a t i n g  exper iences a h i g h e r  concen- 
t r a t i o n  l e v e l  o f  chromic o x i d e  a t  t h e  s l i d i n g  i n t e r f a c e  which i nc reases  b o t h  the  
f r i c t i o n  and wear. ( 2 )  B e n e f i c i a l  s i l v e r  t r a n s f e r  f r o m  t h e  p a r e n t  c o a t i n g  t o  
t h e  c o u n t e r f a c e  m a t e r i a l  i s  l e s s  e f f e c t i v e  i n  a i r  t han  i n  h e l i u m  o r  hydrogen. 
( 3 )  There may be a d i r e c t  r e l a t i o n s h i p  between chromic o x i d e  l e v e l  p resen t  a t  
t h e  s l i d i n g  i n t e r f a c e  and t h e  f r i c t i o n  c o e f f i c i e n t .  
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